To improve the mechanical properties of additively manufactured parts, specific heat treatments must be developed. Annealing of electron beam-melted Ti-6Al-4V was performed at sub-transus temperatures and followed by water quenching. Such treatments generate an α + α dual-phase microstructure. Microstructural and mechanical characterizations revealed that the heat-treated specimens show a broad range of tensile properties, depending on the fraction of martensite. The specimens treated between 850°C and 920°C exhibit an increase in strength and ductility, which is related to a remarkable hardening behavior. Work-hardening is attributed to kinematic hardening arising from the mechanical contrast between the α and α phases.
Introduction
Ti-6Al-4V is an α + β titanium alloy showing a high strength-to-density ratio and biocompatibility. This makes it an excellent candidate for both aerospace and biomedical applications. In wrought Ti-6Al-4V, equiaxed or bimodal microstructures-obtained through complex multistep thermo-mechanical paths including hot deformation in the α + β field [1] -exhibit good ductility and fatigue strength [2] . However, low workhardening rates are always reported, which is a major drawback for several industrial applications, including that in the aeronautical sector [3] . Additive manufacturing (AM) offers the opportunity to produce parts with complex geometries. However, the as-built Ti-6Al-4V microstructures obtained after AM substantially differ from those observed in the wrought conditions. Ti-6Al-4V produced by Selective Laser Melting (SLM) or Electron Beam Melting (EBM) typically exhibits a columnar morphology caused by the homoepitaxial growth of the parent β grains during the solidification of the melt pool [4] [5] [6] [7] [8] [9] [10] . The microstructure resulting from the β to α phase transformation is lamellar. In the case of SLM, the presence of acicular α martensite is systematically reported [11] [12] [13] , as a result of the Table 1 . Chemical composition of the ARCAM Ti-6Al-4V powder used in the EBM process.
Arcam Ti-6Al-4V 6% 4% 0.03% 0.10% 0.15% 0.01% 0.003% Balance fast cooling rate. This fully martensitic microstructure is detrimental to the ductility [14] . However, for the EBM process, a fine α + β basket-weave microstructure is typically observed [4, 5] . The resulting ductility of EBM parts, although higher than that of SLM parts, remains lower than that obtained in conventional wrought materials [15] . Indeed, the microstructure optimization of wrought Ti-6Al-4V typically involves hot working in the (α + β) phase field [1] . This allows the development of equiaxed or duplex/bimodal microstructures, resulting in a good balance between strength and ductility. However, in Ti-6Al-4V produced by near-net shape manufacturing processes, such as EBM, such thermo-mechanical pathways for microstructural optimization are excluded and, therefore, the formation of lamellar morphologies during the process cannot be avoided. Besides, in AM, the posttreatments for microstructural optimization are limited to pure thermal processing. As a consequence, specific thermal pathways still have to be developed for AM parts in order to substantially improve their mechanical properties without altering their as-built geometry. Several types of thermal posttreatments have been investigated in SLM parts [13, 16] . They mainly aim at eliminating residual stresses and transforming the martensitic structure into the usual α + β structure. However, thermal posttreatments performed on EBM parts remain poorly documented. Besides, those reported so far only induce marginal improvements of the mechanical properties of EBM-parts [10] . In particular, they do not result in a significant enhancement of the balance between strength and ductility, and work-hardening remains very limited [10] . In this paper, post-EBM heat treatments, specifically designed for generating α/α dual-phase microstructures, are suggested and investigated. The resulting work-hardening behavior and strength/ductility balance obtained for various α/α phase fractions are illustrated and discussed.
Experimental procedure
Cylindrical tensile specimens were manufactured by EBM using an Arcam AB R A2 machine, with the standard ARCAM melting parameters, and a layer thickness of 70 μm (see e.g. [10] for more information regarding the process parameters). The chemical composition of the Ti-6Al-4V powder used to build these parts is reported in Table 1 . The uniform section of these specimens was 30 mm in length and 5.5 mm in diameter.
The characterization of the intrinsic material properties required the removal of all macroscopic defects from both the bulk and the surface of the parts. It is indeed well known that those defects significantly decrease the ductility of parts produced by EBM [10, 17] . To reduce the amount of critical defects in the bulk, the specimens were first submitted to Hot Isostatic Pressing (HIP)-that is, 2 h under a pressure of 1000 bar at 920°C followed by a slow furnace cooling- [14, 18] . After HIP, the surface defects were removed by machining (reduction of the diameter from 5.5 mm to 4.5 mm). Each sample was then submitted to a specific heat treatment. The tensile specimens were first placed in a quartz capsule, under a protective argon atmosphere, to avoid oxidation and oxygen contamination. Heat treatments were performed for 2 h at sub-transus temperatures ranging from 850°C to 980°C in order to obtain different proportions of α/β [19] . To ensure the transformation of the β phase into α martensite, water quenching (WQ) was applied after breaking the quartz tube at the end of the isothermal annealing. For each annealing temperature, three specimens were heat treated and water quenched. Tensile testing was then carried out at room temperature to fracture and the strain was measured with an extensometer at a cross-head speed of 1 mm/min. The microstructures were characterized by SEM, XRD (X'Pert Pro by PANalytical, Cu Kα radiation, scan step of 0.017°, counting time of 4 s) and EDX analyses. Each EDX scan (typically 100 μm by 100 μm) represents an acquisition time of 8 h, and for each annealing temperature, three scans were performed.
Results and discussions
HIP-underwent specimens that did not undergo any further posttreatment exhibit an α+β lamellar microstructure ( Figure 1(a) ). The α lamellae are significantly coarser (3-4 μm) than that in as-built electron beam melted parts (about 1 μm). The amount of β is also increased by the HIP treatment. This coarse α + β microstructure has already been observed, see for example [4, 18] , and was attributed to the relatively slow cooling rate applied to the material after HIP. Heat-treated specimens exhibit a different microstructure, as reported in Figure 1 (b-f). Fine α lamellae coexist with much thinner laths, which exhibit an acicular morphology that is characteristic of (0002) peak and broadening of the [10, 11] peak, which reveal the presence of α -martensite in the heat-treated specimens.
α martensite. The amount of α lamellae decreases as the annealing temperature increases, whereas larger fractions of α laths can be observed.
The presence of martensite in the microstructure of the heat-treated and water-quenched samples was confirmed by the XRD analysis. As highlighted in Figure 2 , splitting and broadening of some peaks can be observed in the XRD pattern of the heat-treated specimens. As previously observed in [20] , this demonstrates the presence of a metastable α phase along with the equilibrium α phase. Indeed, the α phase exhibits a different chemical composition and therefore slightly different lattice parameters. The presence of α martensite is particularly visible in the XRD patterns of specimens treated at high annealing temperatures, which exhibit higher fractions of α .
It should also be noted that the absence of β peak in the XRD patterns of the heat-treated and water-quenched samples confirms that the volume fraction of remaining β in these specimens is very low and/or that the β is too fine to be detected. This is not the case for the, HIPunderwent specimens for which a β peak can clearly be observed.
The dual α + α microstructure observed in the heattreated and water-quenched specimens results from fast cooling of the α + β field. Quenching of the β phase leads to the formation of martensite. Increasing the annealing temperature leads to a higher fraction of β and therefore to larger fractions of martensite.
The fraction of martensite was measured by the image analysis based on EDX V-and Al-element maps. In Figure 3 (a), the V-enriched phase and the Al-enriched phase are highlighted in red and blue, respectively. Vanadium, a β stabilizer, is well known to partition preferentially to the β phase during annealing treatments carried out in the α + β temperature range [3] . Consequently, the V concentration should be larger in the α phase resulting from a fast cooling of the β phase. On the other hand, Al is known to be an α stabilizer, and will therefore be present in larger amounts in the α phase [3] . This partition of V and Al in the α and α phases was recently reported by Tan et al. [21] . It has to be stressed that, although EDX does not provide a quantitative measurement of the element concentration in each phase, the difference in composition between the α and α phases gives sufficient contrast so as to allow a semi-quantitative evaluation of the volume fraction of each phase. The martensite fraction is plotted as a function of the annealing temperature in Figure 3(b) . Those results are relatively consistent with those published in [19] . The difference between the two curves can be attributed to the lower transus temperature reported by Castro et al. in [19] , namely 980°C. In comparison, the material used in this work had a transus temperature of 995 ± 5°C, which might result from a slightly higher amount of α-stabilizers in its composition.
Depending on the annealing temperature, the tensile behavior varies significantly in terms of strength and ductility. The true stress-strain curves up to necking are reported in Figure 4(a) . The work-hardening behavior described by n incr = d ln σ /d ln ε is plotted in Figure 4 (b). The average yield strength, engineering ultimate tensile strength, maximum true strength and uniform engineering elongation are reported in Table 2 for each annealing temperature, along with the corresponding fraction of α martensite. In order to quantify the strain to failure, the reduction of area was also measured and reported in Table 2 . It should be highlighted that, depending on the annealing temperature, a broad range of mechanical properties is achieved.
HIP-underwent specimens exhibit a relatively high yield strength but a moderate ductility. This can be attributed to their very low work-hardening capabilities. A typical stress-strain curve obtained on a wrought sample is also presented for a comparison. It exhibits a lower yield strength and larger uniform elongation. Its work-hardening is also very limited. On the contrary, all the heat treatments performed in this work induce a much higher work-hardening. σ , defined as the difference between the maximum true strength and the yield strength, is indeed two to three times larger than in the HIP-underwent or wrought specimens. Annealing temperatures of 920°C, 900°C and 850°C lead to high ultimate tensile strength (as a result of significant work hardening) combined with a uniform strain and a reduction of area higher than those of HIP-underwent specimens. At 950°C, intermediate properties are achieved: in comparison to the HIP-underwent specimens, the uniform strain is lower, but the reduction of area is slightly improved. Finally, the specimens treated at 980°C exhibit the highest yield strength and ultimate tensile strength, but a very low ductility, which is consistent with a high volume fraction of α martensite.
These observations are further illustrated in Figure 5 , which highlights the remarkable improvement in both strength and ductility observed in the specimens treated at a temperature between 850°C and 920°C, compared to the as-built and HIP-underwent specimens. As for those treated at 980°C and 950°C, they exhibit a very high yield strength which comes along with a lower ductility. Figure 4(b) shows the evolution of the work-hardening coefficient n incr as a function of strain and annealing temperature. The wrought sample and the EBM and HIPunderwent one exhibit similar work-hardening behaviors at the beginning of straining since their microstructure consists of both α and β phases. The bimodal structure of the wrought sample enables larger hardening rates to be reached at larger strain levels, therefore leading to larger uniform elongation levels. For the samples heated at high temperatures (980°C and 950°C), even if the n incr is initially higher than that in the reference material, it decreases steeply so that Considere's criterion for the onset of necking is fulfilled at low strain levels [22] , leading to uniform elongations that are lower than the HIP-underwent material. It is also interesting to note that all dual-phase microstructures lead to a smooth elastoplastic transition with an initial hardening rate that is larger than that of the HIP-underwent microstructures. Even more interesting is the hardening behavior of samples annealed and quenched from lower temperatures (i.e. 920°C, 900°C and 850°C). In that case, the workhardening rate is higher than that of the as-built part over the entire straining range, leading to larger ductilities simultaneously with higher stress levels. The hardening capabilities are also reported in Table 2 by the parameter σ . It can be highlighted that the hardening capability of the specimen annealed at 900°C is almost three times larger than that of the HIP-underwent or wrought specimens.
It is well documented in the literature that the α martensite and the α phases exhibit different mechanical behaviors, see for example [15] . Martensite is indeed known for its high yield strength and low ductility, Table 2 . Heat treatment and resulting average fraction of martensite, yield strength σ y , engineering ultimate tensile strength (UTS) R m , true UTS σ m , uniform engineering strain e u , reduction of area A r and difference between the true UTS and the yield strength σ . Tensile properties measured for a specimen of wrought Ti-6Al-4V are also reported. whereas the α phase exhibits a lower yield strength but a better ductility. This difference can clearly be observed when comparing the tensile curves of HIP-underwent specimens (R m = 970 MPa; A r = 38%) to those of parts containing 80% of martensite (R m = 1192 MPa; A r = 28%). The present results show that combining the two phases brings about a notable improvement in the mechanical behavior of the Ti-6Al-4V alloy. Not only is the strength/ductility balance improved, but a desirable work-hardening effect-rarely observed in Ti-6Al-4V [23] -is also achieved. Such improved work-hardening capabilities can be ascribed to the heterogeneous multiphase microstructure developed during the heat treatment investigated in the present study. It is indeed well documented, since the seminal work of Ashby [24] , that composite multiphase microstructures can lead to unexpected work-hardening properties when compared to their single-phase counterpart. This can be attributed to the difference in mechanical properties between the phases. Indeed, such a mechanical contrast leads to strain incompatibilities at the interfaces and to inhomogeneous deformation field that in turn translates into the building up of internal stresses. The internal stresses are accommodated by an important storage of geometrically necessary dislocations at the interfaces. Those additional dislocations participate to the global work-hardening behavior of the composite microstructure through the so-called kinematic hardening effect.
Such a synergy between a hard phase (here α ) and a softer phase (here α) has been reported and industrially used in the so-called Dual-Phase (DP) steels [25] [26] [27] , especially in the automotive industry. Those steels consist of hard martensite and much softer ferrite [28] [29] [30] . They are also obtained through a similar heat-treatment process consisting of annealing within a two-phase region and fast cooling to room temperature. During quenching, DP steels and Ti-6Al-4V undergo a displacive phase transformation, leading to a dual-phase microstructure. Consequently, the literature on DP steels is particularly relevant to further enrich the discussion of the results obtained in this work. In DP steels, such as in Ti-6Al-4V, the two phases differ by their chemical composition that leads to a mechanical contrast between them. It should be noted, however, that this contrast is much more pronounced in DP steels because of the very important strengthening effect of the carbon in solid solution in the martensite [28] [29] [30] .
In the case of the Ti-6Al-4V alloy, the workhardening rate appears to be directly related to the volume fraction of α martensite retained in the material. In the range of annealing temperatures investigated here, an optimum is obtained for a volume fraction of about 38%, that is, after performing a treatment at a temperature of 900°C. Indeed, at lower annealing temperatures, that is 850°C, although the hardening rate remains high, a decrease in uniform elongation is observed. It should be highlighted that the optimal fraction of martensite reported here is considerably larger than what is traditionally reported in DP steels [25] [26] [27] . This is most probably due to the fact that the mechanical contrast between the two phases in the present alloy is much less pronounced than in DP steels.
It should also be noted that a lower yield strength is observed in the specimens treated at lower annealing temperatures. A possible explanation for this decrease in yield strength might be the presence of soft orthorhombic α martensite. Indeed, several authors report that orthorhombic α martensite can form when quenching from annealing temperatures between 800°C and 900°C [3, 16] . However, the XRD diffraction patterns (Figure 2 ) do not exhibit any distinct peak [31] highlighting the presence of α . Therefore, although small amounts of α martensite might be present, it is not believed that they would significantly impact the mechanical properties.
The low yield strength observed for lower annealing temperatures might be a direct consequence of the transformation strain associated to the β → α martensitic transformation. It might indeed lead to the formation of free dislocations within the α matrix. This behavior is also well known in DP steels [32] . This hypothesis requires additional investigations that go beyond the scope of this study.
Conclusions
The heat treatments investigated in this work generate much improved mechanical properties for additively manufactured parts made of Ti-6Al-4V. This can be attributed to a work-hardening behavior very rarely reported for this grade. A broad range of tensile properties can be obtained by playing with the α/α phase ratio. In addition, it should be highlighted that a remarkable improvement of the strength-ductility balance can be achieved. This distinctive tensile behavior and associated work-hardening might result in enhanced fatigue behavior or energy absorption capacities of additively manufactured parts. Further work includes evaluating the influence on the mechanical properties of the size and morphology of the α grains, which depend on the annealing time. Similar treatments should also be experimented on bimodal or equiaxed microstructures, that is, on forged Ti-6Al-4V.
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